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ABSTRACT 

Analysis of attitode sensor data from the Aqy 
mission showed gnaU but spstematic differences 
between batch least-squares and extended Kalman 
filter attitudes. These differences were also found to 
be comlated with star tracker residuals, ggro bias 
estimates, and star tracker baseplate tempaatures. 
This pager d e s m i  the analysis that shows that these 
correlations are all consistent with a single cause: 
time-dqendd thermal deformation of star tmkr 
alignments. 

These varyin,o alignmeilts can k? separated into 
relative and common conqnments. The relative 
m i s a l i w  can be detenntned . andcompensated 
for. The common misalignments can onty be 
determined in special cases. 

1. INTRODUCTION 

The Aqua spacecraft was launched on May 4,2002 
into a nearly c i r a h ,  srmsynchronous, polar orbit 
Primary attitnde sensors comkted of two Charge- 
Coupled Dmce (CCD) Star Trackers (ST). These 
sensors, together with an inertial rderence unit 
(lRU)---also referred to as gyros, are designed to 
maintain the spacecd at an Earth-pointing attitnde 
with an attitude knowledge requirement of 25 an=sec 
(30) on all axes. 

The Nati~nal Aeronauh -cs and Space A8 * . ti0n 
(NASA) Goddard Space Flight Center (GSFC) Aura 
flight dynamics attitude team bad the responSbiIity of 
verifying that the onboard altitude system was 
achieving the required acmracy- For A m  the 
attitude validation using a ground batch least-squares 

differences (on the order of rt15 arcsec). This paper 
discusses ideIltification of the source of these 
differences. 

(BLS) algorithm s h o d  sigIl.ifi& attitode 

Section 2 describes the observations that led to the 
ultimate conclusion tbat the attihde diEere.nces were 
due to a thendly-inducd variation in the star tracker 
alignments. Section 3 presents analysis that isolates 
the timedependent misalignments into r e w e  and 
common components. This section shows how rhe 
relative misalignments may be compensated, what the 

ef fects  of this compensation are, and why 
compensation for the common misalignments is more 
diflicult Section 4 smnm;rizes the r d t s  and 
presents mclusions that will af€ect subsequent 
similar missions (for example Aura). 

2, OBSERVATIONS 

Attitude validation is normally accoqhhed by 
comparing ground BLS witb h a r d  extended 
Kalman filter attitude solutions. n e  ground 
solutions are considered more accurate because: 

a larger star catalog is used 
0 more complete star identification a l g m  are 

available 
0 sta~ position corrections (such as for velocity 

aberration and precession) can be used 
a more accurate, post-facto definitive ephemeris 
is used 

For Aqua, differences between onboard and ground 
attitude solutions varied in a range of about 115 
arcsec 11-41. These differences appeared to repeat 
with a period similRr to the orbital period (about 6OOO 
seconds). Fig. 1 compares the EKF and BLS attitudes 
over a period of three orbits. 

All plots of FKF data m this paper were computed 
using a ground EKF. The cited references show that 
the results of the ground EKF are almost identical to 
those of the onboard EXF. The data used were h m  a 
three day period (19-21, June 2003). 

Initial anaiysis attempted to determine if the observed 
attitude dif€erences were caused by a change in gyro 
bias. The gyro bias variation was presnmed to be 
thermally induced. Variations in gyro bias w d d  
appear as dif3Ferences between EXF and BLS solutions 
because the BLS algorithm assumes a constant gyro 
bias over the batch, whereas the EKF estimates time- 
varying biases. 

The gyro biases were found to vary regularly with a 
period of several orbits. In initial studies, the repeat 



period was 4-orbit.s but with later data it reduced to 3- 
orbits! 

Fig. 1. Attitude Differences Between EKF and BLS 
4 m  Attitudes Over a Three Orbit Period 

To model .these periodic variations m Aqua 
measurements, a parameter referred to as “3-0rbit 
phase” was develojd The 3-0rbit phase is identical 
to orbit phase but continues to inarease for three 

Fig. 2 shaws the compiLted X-, Y-, and Zgyro biases 
plotted against 3-orbit phase. 

satellite reVOlUti~ (hm 0 to 1081) degrees (de&). 

The data used m this aadysk were takenfrom a 3-day 
coi?tinMiUs span of Aqua ckmations. This span 
covers 34 111 ofbits and represents ahnost 15 separate 
cycles of 3-0rbit phase. The data (in this case gyro 
bias) were grouped in bins within a range of 3 d i t  
phases. The range was generally 1 deg. For each bin, 
the mrresponding value is calculated as the mean of 
alI smpleswithinthe bin, andthe mcahintiesasthe 
standard deviations over the samples within the same 
bin. 

Thus, eachpoint inFig. 2 nqmsmtsthe mean ofall 
~rnputed gyro b W  at tk - m 2  
phase in bins of 1 deg. SUPermnp0Sea on thesevalues 
.are error bars r e p d g  their standani &eviatians 
The repeatabilitp of the biases is sh-ikhg 
Fig. 3 shows the corresponding r e s i W  from star 
tracker 1. The residuals are defined as the vector 
difference between the body frame star tracker 
measurements and the star txadcer vectors, 
converted into ?he body fjame using the current 
attitude estimate. The star trackers have a square, 8- 

boresight nuit vectors approximately [0.67 0.66 -0.341 
and [-0.67 0.66 -0.341 in the body b e .  
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Fig. 2. Mean and U n m w  of EKF Gyro Biases as 
Functions of 3-0153 Phase 
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Fig. 3. Mean and Uncertainties of Star Tracker 1 
Residuals Biases as FunctiOnS of 3-Orbit Phase 

The systematic patterns in biases, residuals, and 
attitnde Merences, were not due to variation of the 
gyro temperatures. A tern- sensor at the IR. 
showed no significant te- variations. In 
amhast, a tempexatme sensor at the star tracker 
baseplate showed ewdrty @em o€ ~&iti~n 
shown. by the gyro biases. Fig 4 shows these 
temperafms plotted against orbit phase, in the upper 
portion, and against 3abit phase, in the lower 
portion. All observed teIIIperahrres at 8 second 
intenalsaremcludeifmthisfigureasdots(.). The 
width of the “lined‘ is indicative of the variability of 
tempexatures that occm at the same 343rbit phase. 
The ?-orbit q e a t  Q€ the pattern arises from 
ach,ation of a heatex. In each d i t  the star tracker 
baseplate temperature m c r m  during the sunlit 
portion of the orbit and decreases in darkness. 
Superimposed on this periodic variation is a coIlstant 
decrease in tempratme. When the temperature falls 
beXow a threshold (at orbit phase of about 300 deg in 
the third orbit) a heater is actkated, raking the 



tempera- to the starting point of the cycle. Early in 
the mission, the secular cooling tread was slover and 
the heater activated only every 4 orbits. This explains 
the change from a &Orbit cycle to a 3-0rbit cycle. 
Because fhe star trackers are not direct& exposed to 
the Sun, there is a lag time in the heating and cooling. 
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Fig- 4. Star Tracker 1 Baseplate Temperatmes 
(deg C> as Function of Orbit Phase and 3-Orbit Phase 
The origin of the 3-0rbit phase -tation is 
&trary. Here, it is consistently defined sd that the 
orbit m which the heater is activated has 3-abit phase 
ii-om 0 to 360 deg 
Similar patterns can be found m.examining the star 
tracker residnals and the difkren&s between EKF and 
BLS attitudes. The patterns are less apparent because 
of random variations in the properties compared 
Analysis was performed in an attempt to understand 
the cam of these variations. 

The coincidence of the p m  of star h-acker 
baseplate teqxmtwe and variations in gyrd biases, 
sensor residuals, and attitude differences must be 
causal. However, there is no simple cornlation 
between temperature and any of the observed 
F- 
The following analysis shows that variation in star 
tracker alignment explains all of these observations. 
The alignment variation is expected to be a fimction 

addition to the tempmtme. 
of SeCulaT and spalid t- gradients. in 

3. ANALYSIS 
Temperature variations can easity cause alignment 
shifts. If the star tracker a l i g ~ ~ ~ e n t s  change, the 
residuals (differences between observed and reference 
star vectors) will not be consistent with gyro 
measurements. The effect of this inconsistency on the 
filter is to cause a change m the solution. The c b g e  
will be distributed between the attitude and the gym 
bias depending on how the filter is tuned. 

To better understand the details of fhe effect of sensor 
misalignment changes on attitude and BTO bias 
solutions, it is usefuI to separate misalignments into 
+avo types: relative misalignments and common 
misalignments. 

Relative misaligriments are misalignments that change 
the reIative positim of two se'11sofs but do not change 
their mean positions. Common misalignments are 
misaligmnents that change the positions of two 
sensors together, so that their relative position remaiDs 
the same but their mean position changes. Individual 
cbanges in alignment of two sellson can always be 
expressed as c h g e s  in relative and common 
misalignments. 

. 

3.1 Relative IMisalignrnents 

Relative misalignments can be dmctly obsen7ed and 
computed using a&de independent algorithms The 
3ilay span of Aqua data investigated was divided into 
periods during which the spacecraft moved 3 deg. of 
ofbit phase (about 82 seconds). Daring each of these 
periods, the AIiCal[5] azgorithm was used to compute 
the relative misalignment of the two star trackers. 
The solutions for common 3-0rbit phases were 
averaged and the standard deviations of the samples 
computed Fig, 5 shows the resdhg mean relative 
misaIignments for tracker 1 and their associated 
mlaxmmes- . .  

The misaligmnents in Fig. 5 are plotted in a mean 
boresight &me. This M e  is defined so that its Z- 
axis is the mean of the two tracker boresights and its 
Y-axis the cross product of the two boresigh. In this 
M e ,  the rebtive misalignment (which changes the 
separation of the boresights) is primarily a rotation 
about the Y-axis. Vectors in the mean-boresl '@- 
are indicated by the subscript "m". 

Relative misalignments of two sensors have equal 
m -a@mdes and qposite signsin the meancmrdbate 
system so only tlacker I misaligmnents are shown. 
Misalignment components corresponding to rotations 
around the Ym-axis result in sensor measurement 
residuals in the two sensors that are also equal in 
magnitude and opposite in sign. These residuals 
influence the attitude detemimtion system in 
opposite directions and produce no net attitude change 
and no net EKF bias change. 

Misalignmerrt coinponents corresponiiing to rotations 
mundX, produce Z, changes in attitude and EKF 
biases while misalignmena around 2, produce X, 
attitude and EKF bias changes. All components ofthe 
relative misatignment reduce sensor residuals. 
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Fig 5 .  Mean-Boresight Frame Tracker 1 

The dmlated rmsalignments can be applied in a 
number of ways. The three most common are to 
apply half of the relative misalignment to each 
tracker, keeping the mean undmged in the body 
fr;une. Akemakively, the entire midigmnent can be 

Misalrwentsw 3-orbitPhase 

app'tied to e i r k  tladter done, keeping the I l I l a l t d  
trackerUnchangedinkb0dy~- 

Placing equal am- of nrisaligmnent on each 
tracker compeflsates for I-ebtk 1'- ,'t. 
Placing all of the midgnme~I 011 one tmckm ais0 
compensates for relative misaligmnent but, m 
addition, causes a shift of lbe common misalignmea 

Fig. 6 shows d e  effect of these misalignment 
compensations 011 the X-axis gyro bias. The e€fects 
on the ather gyro biases are sinrilar 

Comparison of the top plot in fig. 6 (rnd&pn& 
applied to both tmckers) with the top plot in Fig 2 (X- 
axis) shows that compensation for relative 
misalignment does not significantiy remove the 
pattemofgpbiaseS. I n F i g . 6 t h e g y r o b i a S ~  
is more diBidt to see becanse in addition to OW 
sources of noise, the applied misalignments have a 
sizeable uncertainty. 

The change m the pattern of gyro biases seexi m the 
lower 2 plots of Fig. 6 is due to cOmpenSation fbr 

Similar reSIlfts are obtained for attitude difkrences as 
shown in Fig 7 This figure shows the differences in 
&tween attitudes computed with 110 misaligmnat 
Compensation, with those wmpensated in three ways. 
AppIi&on of relative misalignments to both trackers 
(top plot in Fig. 7) results in only d attitude 
differences. The Z-axis was chosen for this figure 
because the pattern of attitude cbanges (see Fig. 1) is 
most distinct 

common misalignment and will be disclissedbelow. 

Fig. 6. X-Axis Gyro Biases After Compensation for 
Relative Misalignment 

&orbit Phatc (deg) 

Fig. 7. Z-Axis Differences Between Attitrides More 
and After Compensation for Relative Misalignment 

In contrast to the lackofchaw in attitude and gyro 
biases, the tracker residmls are changed greatly by 
removal of the relative misalignment. These changes 
are i2us&ta&d in Fig. 8 for the X-axis r e d d s  i= 
tracker 1. All axes on both trackers &ow cmqmable 
results;. The pattan of Variation in residuals has 
almost completely disappeared as compared to that in 
Fig. 3. This resnlt is produced regardless of how the 
relative misalignments are applied. 

Considering only the case with both trackers 
compensated for relative misalignment (and therdore 
with unchanged common misalignment), the results 
shown in Figs. 6-8 can be easily explained The EKF 
responds solely to gyro measurements and sensor 
mor signals (the Merences between expected and 
measured sensor vatues). When the relative 
misaligumats are compensated to an qual  extent on 
both trackers, the tracker error signals will decrease. 
This decrease will be about d e  same size, but 

I 



opposite in sign, on the trackers. Thus, the effect of 
the decreased residnaIs mput to the EKF from one 
tracker will be nearly exactly compensated by the 
decreased residuals from the other mcker. The output 
of the EKF (biases and attitudes) will be almost 
unchanged. 
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Figure 8. X-axis Star Tracker 1 Residuals After 
Compensation for Relative Misalignment 

3.2 CommonMisalignmenQ 

Fvhen the relative misaLigmnentsare CQ- an 
attempt can be ma& to enhate the changes m 
common Illisaligrirne~& as a function of time. If the 
common misalignment of the trackers varies, the 
measured g y ~ 0  bias andattitude may also vary. 

If the biases obtained after compensab‘.on for relative 
misalignment are compared (see Fig. 6), it is found 
that the bias computed after compendng the two 
trackers equally is nearly identical to the mean of the 
biases obtained by compensating each hacker 
sepamtely. Compensating the two trackers equally 
does not change the COmmoIl misaligmnent 
compensahng . themseparatelychangesthecofnmon 
midi- in equal and opposite ways. It is 
thedore evident that the variation m biases is due to 
change m common misalignment. 

The spacecraft’s COntroI system is desi@ to keep 
the spacar& Z-axis pointing towards the Earth It 
causes the spacecraft to rotate qproxhatf3y -0.06 
deg/second (a) around the Y-axis. The star W e n  
provide the only knowledge of the spacecraft attitnde, 
so their common movement changes the axis about 
which &is rotation cams. The rotation is controlled 
with respect to a frame based on the star trackers but 
varies in the body frame because of the time-varying 
common-misatignment of the trackers. 

Assuming the gyro alignment does not change with 
respect 10 &e *body kmi~, ‘&e spxe~mii ivtahii a i s  
w i l l  move relative to the gyros. The measured gyro 
mes wiU reflect spacecraft rotation about a time- 
dependent body axis. Neglecting the responsiveness 
of the onboard atiitude detenninaton and conlrol, the 
attitude will always be controlled to nominal, and the 
inconsistent measured gyro rates d l  be compensated 
for principauy by timevarying gyro biases (this 
compensation will depend M the ‘’tuning” of the 
EKF). 

The trans€ixmation from the body frame to the tracker 
frame can be rep- by a --dependent Euler 
rotation vector of [&, &, hlT. The transformation 
from the rracker to the body iiame is represented by 
[-A, -h, -aT and the rotation rate in the tracker 
h e  by [o, ms, OJ~. using e to represent the 
comnents of the unit vector from these Eder 
rotationvectors, and 0 to represea its magnitude, the 
projection of ms on the body axes is givenby: 

For smalI rotafim, an exceIlent approxidon of 
Eqn. (1) is: 

In addition to detecting the pjections of the Iarge 
me, % gyros detect rates ~I.x? to the movement ofthe 
body by the controI system in order to keep the time 
varying star tracker m e  pointed normnally. These 
rates are just the fime derivatives of the negatwe of 
the common misalignments. The total measured gyro 
rates, incl~dhg true biases, b ~ ,  are approximate€y: 

The bias computed by the EKF will be the Werenix 
between the gyro measured rate and the rate in the 
tracker -e. These are ~~Iltrolled to be: [o, 4, qT. 

In the ideal case, EKF biases are approximately: 

b, = by, - 4, 



If the common misalignments have the same 
approximate magnitudes as ihe reiative 
misalignments, they have a range on the order of 10 
arcsec. From Fig. 2 it is apparent that misalignments 
can change over this range in abut  lo00 seconds. 
The terms 4 and 4 are lhexfore similar in magnitude 
and neither c;ill be ignored. 

Even if none of the terms m Eqns. (46) are 
negligible, Eiqn (5) shdd  be datively simple to 
solvefor s if the true bias is known Inthiscasethe 
y-misalignment at any time, t, is givenby: 

It is also possible to approximately solve the coupled 
Merential equations (4) and (6)- Such a solution 
requires knowledge of the true biases and the x- and 
z-misalignment angles at d e  initial time. 
Attempts to solve these equations prodnced resattS 
that were inmnsiste.nt with the observations The 
solutions for 4 were not periodic, while dose for 
and &, although periodic, increased in magnrtude with 
time. 

The explanation of this faihzre arises f h m  any of a 

EKFtuning Tuning&angeshowtbeeffectof&e 
tracker residnals is partitioned between attitude and 
bias changes. For Eqns. (44) to be valid, the EKF 
biases must represent the entire &kc$ ofthe common 

number of - '~inicludingthatofoptimum 

biases and star tracker residuals. They are caused by 
thermai c b q e s  111 kadicr digiiueii%. 

The thermal changes in star tracker alignment resulted 
in periodic variations in calculated gyro biases, 
attitude dBerenm, and sensor residuals. The time- 
varying relative misalignments can be determined and 
compensated, but computation of the common 
misalignments is more difiidt. Compensation for 
the relative alignment changes reduces the sensor 
residuals but has little effect on the attitude or gyro 
biases. 

Altbugh the attitude Tiariations accompanying these 
alignment shats are within Aqua specifiications, there 
have been some mncem about the A m  mission 
(which has a v i r td ly  identical platform). The 
payload instruments on Aura may be more sensitive to 
attitude devialions than tbose on Aqua. Several 
operational possiibilities have been discussed for Aura 
including raising star trackers kmpemhxes and 
reducing their temperne variafion 
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